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We present photoluminescence measurements under intense magnetic fields (B up to 30 T) in n-doped 
indium nitride samples with carrier concentration ranging from about 7.5 X 1017 cm-3 to 5 X 1018 cm-3. The 
observation of transitions involving several Landau levels permits to determine the carrier-reduced mass x  
around the T point. Depending on the carrier concentration, we find x  ranging between 0.093m0 and 0.107m0 
(m0 is the electron mass in vacuum). This finding poses a lower limit to the electron effective mass, whose 
unexpectedly large value (me & 0.093m0) indicates that the sources of n doping in InN perturb strongly the 
crystal conduction band near its minimum.
DOI: 10.1103/PhysRevB.79.165207 PACS number(s): 78.55.Cr, 71.70.Di, 71.55.Eq, 71.20.Nr
I. INTRODUCTION
Indium  nitride (InN) is widely investigated because of its 
potential in a variety of applications ranging from  photovol- 
taics to fast and high-pow er electronics.1-3 However, intrin­
sic indium  nitride has not been obtained, yet, and as-grown 
InN  samples have usually a free-electron concentration ne in 
excess of 1017 cm -3. This is one of the reasons why the 
value of the band-gap energy Eg has rem ained an elusive 
quantity for a long tim e and only few years ago it has been 
established that InN  is— indeed— a small-gap semiconductor 
(Eg ~  0.65 eV at room  tem perature4,5) . Another 
fundam ental— still not accurately determ ined— quantity is 
the electron effective mass me.
Until now, most of the m e values reported have been in­
ferred from infrared reflectivity6- 10 or ellipsom etry 11- 13 m ea­
surements aimed at determ ining the plasm a resonance fre­
quency o?p = (nee2) / ({me)e 0eoo), where is the high- 
frequency dielectric constant and (m e) is the electron 
effective mass averaged over the density of states (DOS) of 
the conduction band.11,14 wp depends explicitly on the aver­
age electron mass as well as on the carrier concentration, 
w hose exact determination, however, is affected by the pres­
ence of a large sheet charge located at either the InN  surface 
or at the interface between InN and its buffer layer.15- 17 In 
turn, this m ay influence the determ ination of the value of the 
electron mass. Specifically, (m e) was found to increase siz- 
ably with doping level from  0.039m0 (for ne =1.8 
X 1017 cm-3) to 0.25m0 (for ne = 7 X 1020 cm -3), where m0 is
the electron mass in vacuum .7,9,11
In this work, we report on the observation of Landau lev­
els (LLs) in degenerate InN  as m easured by m agnetophoto- 
lum inescence (magneto-PL) in samples having different 
electron concentration ne ~ ( 7 .5 -5 0 )  X 1017 cm -3. Up to 
four LL recom binations are observed that allows us to deter­
m ine straightforwardly the carrier-reduced mass around the 
r  point fx= (1 / m e + 1 / mh)-1 = (0 .093-0 .107)m 0, m h being the
hole effective mass. The unexpectedly large value 
(me >  0.093m0) of the electron effective mass at k  ~  0 in de­
generate InN  points toward a sizable distortion of the crystal 
conduction-band m inim um  caused by the sources of n -type 
doping.
II. EXPERIMENT
We investigated a 500-nm -thick InN  sam ple grown by 
m olecular-beam  epitaxy on an epitaxial tem plate form ed by 
G aN (0001)/ A lN / A l2O 3. The narrow full w idth at half m axi­
m um  of the sample rocking curves and a m obility value of 
about 1300-1500  cm 2/ (V X s) indicate a good sam ple qual­
ity. The sheet carrier density derived by Hall-effect m easure­
ments is nH =1 .2  X 1014 cm -2 (assuming a uniform  dopant 
distribution, this results in a volum e concentration nH =2.4 
X 1018 cm -3) that falls in the range reported by various 
authors.6-9,11- 13 Two pieces of the same sample w ere irradi­
ated by a low-energy (10-20 eV) hydrogen-ion beam  for 
different doses of impinging ions in order to achieve a con­
trolled increase in the electron concentration, as reported re ­
cently in Ref. 18. Secondary ion mass spectrom etry m easure­
ments on InN epilayers deuterated under the same 
experim ental conditions em ployed in this w ork showed that 
the deuterium  concentration profile is rather uniform  over all 
the InN layer. PL was excited by the 532 nm  line of a vana- 
date:Nd laser and detected by a liquid-nitrogen-cooled In- 
GaAs photodiode coupled to a 0.25-m -long monochromator. 
M agneto-PL was perform ed in a 30 T water-cooled resistive 
m agnet with the sam ple held at about 5 K  (the spectra have 
been norm alized by the optical set-up response).
III. RESULTS AND DISCUSSION
A. Degenerate GaAs
Not many previous reports on m agneto-PL in degenerate 
bulk semiconductors exist. In fact, in these systems a free
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FIG. 1. Peak-normalized PL spectra of a reference GaAs sample 
heavily doped with Si (nominal impurity density equal to 
1018 cm-3). The spectra were recorded under different magnetic 
field intensities B at T  =5 K, in steps of 1 T. A cooled InGaAs array 
detector and a 0.3-m-long monochromator were used for detection. 
LL0 indicates the transition between the first Landau levels in the 
conduction and valence band. (e ,A) indicates a free-electron to 
neutral-acceptor recombination. The dotted lines are guides for the 
eyes. The vertical dashed line indicates a spurious spectral feature 
due to the optical set-up response. Inset: dependence on magnetic 
field of the energy (open circles) of the transitions highlighted in the 
main part of the figure. The lines are fits to the data in terms of the 
Landau levels involved in the transitions considered. The best fit 
values of the free exciton reduced mass and electron effective mass 
are displayed.
carrier m ost likely undergoes several scattering events with 
other carriers and ionized im purities that could ham per the 
observation of Landau quantization and, consequently, affect 
the interpretation of the m agneto-PL results. For this reason, 
we investigated first the effects o f the m agnetic field in 
heavily doped GaAs, whose fundamental properties (e.g., Eg 
and m e) are well known. F igure 1 shows the m agneto-PL 
spectra o f a degenerate GaAs sample doped with Si im puri­
ties having nominal concentration equal to 1018 cm -3. The 
PL spectrum  results from  the recom bination of photoexcited 
and im purity-related free electrons in the conduction band 
and photoexcited holes in the valence band. The asymmetric 
PL line shape is characteristic of heavily doped 
sem iconductors.18 No change in the PL spectrum is observed 
up to B  = 12 T. For B >  12 T, the PL peak blue shifts and a 
second lower-energy band is clearly detected for B  >  24 T. 
The peak energy of these two bands depends linearly on 
magnetic field with different slopes, as shown in the inset of 
Fig. 1. We ascribe the higher-energy com ponent to an inter­
band transition involving the n = 0  electron and hole Landau 
levels (LL0). Consequently, its energy depends on magnetic 
field as En=0(B) = E(0) + h e B / ( 2 j ) .  By using j =  (1 / m e 
+ 1/ mh)-1 and the zero-field band-gap energy E(0) as free 
param eters, one obtains j =  (0.049 ±  0.004)m 0 and E(0) 
= 1.500 eV. These values are in fairly good agreement, re­
spectively, w ith the reduced mass of GaAs (0.057 m0) (Ref. 
19) and the renorm alized band-gap energy in doped GaAs
(1.495 eV) w ith ne = 1 0 18 cm-3.20,21 As for the lower-energy 
band appearing for B  >  24 T, the corresponding B -induced 
shift gives j =  (0.069 ±  0.002)m 0 and an extrapolated transi­
tion energy at B  = 0 T equal to 1.490 eV. These values are 
close, respectively, to the electron effective mass and to the 
energy of the acceptor-related recom bination (e , A) bands in 
GaAs. As a result, the lower-energy band is attributed to a 
free-electron to neutral-acceptor transition, whose shift with 
m agnetic field is known to reproduce that o f the lowest LL of 
electrons (j ^ me) .22,23 The ( e ,A) transition dominates the 
PL spectrum  at high fields likely because the increasing m ag­
netic field leads to an enhanced overlap between the free 
electron and localized hole wave functions (and increased PL 
intensity). Such an intensity enhancem ent induced by B  
should be sizably smaller for the uncorrelated electron-hole 
pairs involved in the LL0 transition. In turn, this accounts for 
the relative variation in the intensity of the ( e ,A) and LL0 
bands with varying B . As mentioned, no Landau-level quan­
tization is observed until B  >  12 T thus providing a rough 
estimation of the carrier scattering tim e t = 1 /wc 
= m e/ (e -12 T) = 30 fs, a value falling in the range of those 
reported for heavily doped G aAs.24
To conclude this part, we can state that m agneto-PL can 
be properly used to derive the carrier mass in a highly de­
generate bulk  semiconductor.
B. Degenerate InN
We now consider the effect of m agnetic field on indium 
nitride. A  m agneto-PL study has been recently perform ed in 
disordered InN  samples characterized by a broad PL sym ­
metric line shape (linewidth in excess o f 90 meV) and a low 
carrier m obility (< 2 0 0  cm2/ V s).25 In particular, in Ref. 25, 
the dom inating presence of localized states in the PL spectra 
did not perm it to study the effects o f magnetic field on delo­
calized carriers in degenerate InN. Indeed, at about 50 T, 
only a very small diam agnetic shift (~ 2 .5  meV) could be 
observed.25 On the contrary, the InN samples considered here 
exhibit a recom bination band with an asymmetric line shape 
characteristic o f degenerate semiconductors (PL linewidth 
ranging from  30 to 82 meV). F igure 2 shows the magneto-PL 
spectra at T ~  5 K  of InN  samples both untreated (as-grown) 
and H irradiated w ith dose dH=1z and dH = 2z, where z  cor­
responds to 1 X 1015 ions/ cm 2. Upon hydrogen incorpora­
tion, the high-energy edge and the m axim um  of the PL spec­
trum  both shift at high energy (see bottom m ost curves in Fig. 
2) . This is a consequence of the donor nature of hydrogen in 
InN that leads to a large controllable increase in the free- 
electron concentration.18 In all samples, no sizable variation 
in the PL line shape is detected for B  <  16 T likely due to 
carrier scattering effects, as discussed before for GaAs. A l­
though the sources of scattering in InN  are different from 
those in heavily doped GaAs, the lowest field before LLs are 
observable is similar in the two materials, thus indicating 
that scattering influences carrier m otion to a sim ilar extent. 
In as-grown InN, the PL peak blue shifts by about 10 meV 
when B  = 30 T. Concomitantly, the full w idth at half m axi­
m um  of the recom bination band decreases from 32 to 22 
meV as a consequence of the B -induced increase in the crys­
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FIG. 2. Peak-normalized PL spectra of InN samples irradiated with different H doses dH: (a) untreated (as-grown), (b) hydrogenated 
(dH=1z), and (c) hydrogenated (dH = 2z), where z =1 X 1015 cm-2. The spectra were recorded at T  =5 K for different magnetic field values, 
in steps of 1 T. LLn indicates a transition between the nth Landau levels in the conduction and valence band. The dotted lines are guides for 
the eyes. The dashed thick lines superimposed on the B = 0 T spectra are simulations to the data via the Kane’s model (see Ref. 18).
tal density of states.26 In the hydrogenated samples (where 
the electron density is greater), several PL bands appear as B 
increases. In particular, the bands at high-energy lose spectral 
weight in favor o f low-energy bands, which dom inate the 
spectrum  at the highest B . The peaks of the different com po­
nents m ove with m agnetic field at a quite different pace; in 
particular, the high-energy lying com ponents are much faster 
than those at low energy. This field dependence points to­
ward transitions related to Landau levels with different index 
n,
^  (  1 \ heB  
En(B) = E(0) + ^n + 2 j  —  • (1)
It should be noted that the greater number of LLs visible in 
hydrogenated samples is a direct consequence of the larger 
density of free electrons available in those samples. In addi­
tion, w ith increasing B , the LL degeneracy increases (^B ) 
and m ore carriers can occupy the low er index LLs, thus de­
term ining a progressive depopulation of higher index levels, 
as shown in Fig. 2 . The thick dashed lines superim posed on 
the zero-field spectra o f Fig. 2 are a sim ulation of the PL data 
by the semiclassical model developed by K ane and detailed 
in Ref. 18. We will give details on the param eters employed 
in the line-shape sim ulation in the following.
Before proceeding w ith a quantitative analysis of the data 
shown in Fig. 2, it is worth discussing further the appropri­
ateness of using m agneto-PL data to derive the electron ef­
fective mass in InN. Indium  nitride is a small-gap sem icon­
ductor and, therefore, it is m ore subject to nonparabolicity 
effects than, e.g., GaAs. As a m atter o f fact, previous ellip- 
sometry and reflectivity m easurem ents showed a m arked de­
pendence of (m e) on carrier concentration,27 indicating a
nonconstant value of the electron effective mass over the 
conduction-band dispersion curve. However, the shift o f the 
Landau levels w ith m agnetic field m easured by m agneto-PL 
is m ainly determ ined by the value of the carrier-reduced 
mass at the T  point o f the InN  conduction and valence bands. 
Indeed, as the m agnetic field is turned on, the change in the 
dim ensionality of the carrier motion from  three- 
dimensional(3D) to one-dim ensional(1D) like implies a 
change in the energy dependence of the crystal DOS (Refs. 
28 and 29) : a much larger carrier occupancy at the band 
extrem a is expected for 1D (DOS ^  1 / VE) than for 3D 
(DOS ^  VE). Hence, the peak of the PL bands shown in Fig. 
2 can be attributed to carriers recom bining mainly at k  ~  0 in 
the respective LL and the slope of the em ission-peak energy 
with B  is ultim ately determ ined by the carrier mass at the 
conduction-band m inim um  and valence-band maximum. It is 
worth mentioning that magneto-optical m easurem ents were 
perform ed on different small-gap sem iconductors, such as 
InAs and InSb, and it was proved that the Landau theory 
m ay be applied using the effective-mass approxim ation.30
Figure 3 summarizes the dependence on m agnetic field of 
the peak energy of all the observed recom bination bands 
(symbols) in untreated as well as H-irradiated samples. Lines 
are fits to the data by Eq. (1) w ith different n ’s, using j  and 
E (0) as free param eters. For all samples, we find E (0) 
= (0.664 ±  0.001)eV, while we derive j =  (0.093 ±  0.001)m 0 
in the untreated sample, j =  (0.106 ±  0.002)m 0 in the sample 
hydrogenated with d H= 1z and j =  (0.107 ±  0.002)m 0 in the 
sample hydrogenated with d H = 2z. N onparabolicity effects 
on the conduction band can be estim ated using the approach 
described in Ref. 31 . In our case, assuming a negligible con­
tribution from valence-band nonparabolicity, we obtain a 
sim ilarly good fit w ith the same band-gap energy at B 
= 0 T and reduced m asses about 10% smaller than those
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FIG. 3. Energies of the LLn transitions highlighted in Fig. 2 as a 
function of the magnetic field. (a) refers to the untreated (as-grown) 
sample. (b) and (c) refer, respectively, to samples hydrogenated 
with dH=1z and dH = 2z (z =1015 cm-2). Lines are fits to the data by 
Eq. (1), where the value of the band-gap energy at B = 0 T, E(0), 
and the value of the carrier reduced mass j  are used as fit param­
eters for each sample separately.
derived directly by Eq. (1) . However, data scattering (likely 
due to the relatively broad PL linewidth) does not allow us to 
discrim inate which model describes better the experim ental 
data.
In order to extract the electron effective mass from j ,  one 
should know the value of the hole effective mass m h. U nfor­
tunately, no direct estim ation of m h exists and, therefore, we 
can only give a lower bound for the electron mass me 
>  0.093m 0. It should be m entioned that som e authors inter­
preted low-tem perature PL spectra in InN as m ainly (or 
partly) due to a free-electron to neutral-acceptor 
transition.32-34 W ithin this picture, the values of j  here de­
rived would coincide with the electron effective mass.22,23 
However, the dependences of the PL spectra on tem perature 
and laser excitation density do not give any hint that the PL 
band we observe is due to an electron-acceptor transition. In 
the lim iting case of m e = j ,  one m ay obtain an estimation of 
the electron carrier concentration in the samples by sim ulat­
ing the PL spectra at B  = 0 T by the K ane’s m odel,18 as 
shown by the thick dashed lines in Fig. 2 . One finds ne equal 
to 7.5 X 1017 cm -3, 2.1 X 1018 cm -3, and 4.7 X 1018 cm -3, in 
the order, for as-grown InN  and samples hydrogenated with 
the lower and the higher H dose.35 In the untreated sample,
the carrier-concentration value derived from PL line-shape 
analysis is sizably smaller than the value found from Hall 
measurem ents (see Sec. II) . As mentioned, this is likely due 
to a charge accum ulation at the sample interfaces.15- 17 This 
charge should not influence PL results. In fact, the contribu­
tion to PL from  photogenerated carriers at the surface and/or 
InN/buffer interface is negligible due to the presence of large 
electric fields and/or dead layer effects arising from surface 
nonradiative centers.36 In addition, the relatively narrow line- 
width of the PL spectrum  of the as-grown sample points 
toward a constant background electron concentration over 
the sam ple volum e probed by radiatively recom bining 
carriers.
We now com pare our electron mass lower lim it with the 
(m e) values obtained by infrared reflectivity or ellipsom etry 
measurem ents reported in the literature.6- 11,13 Those m ea­
surements provide the density-of-states-averaged electron 
mass from  k = 0  to the Ferm i wave vector kF,11,14 whose 
value depends on the doping level o f the samples. In that 
case, the k = 0  lim it can be deduced for ne ^  0 that corre­
sponds to an ideally intrinsic InN and gives me 
~  0 .0 5 -0 .0 7 m 0.7,9,27 Here, instead, we determ ine the elec­
tron effective mass mainly at T point (me a  0.1m0) in a really 
doped (ne a  1018 cm -3) InN  sample. Therefore, the large d is­
crepancy found between the two types of measurem ents 
ought to be due to doping in indium  nitride. We speculate 
that in InN, the nature of n-type dopants perturbs the host 
crystal to a quite large extent (contrary to w hat is observed in 
degenerate GaAs). Am ong the proposed sources of doping 
are nitrogen vacancies and/or antisites and incorporation of 
oxygen and hydrogen atom s.18,37,38 A lthough to a different 
extent, these donor sources m ay disorder the lattice potential 
thus giving rise to an enhanced localized character (and in ­
creased effective mass) of the conduction-band minimum 
then possibly accounting for the increase in the carrier- 
reduced mass observed in the hydrogen-irradiated samples. 
A lternatively, a contribution to the PL spectra from k  #  0 
states characterized by the higher conduction-band curvature 
m ay result in a reduced Landau-level shift and, hence, in an 
averaged larger carrier mass.
IV. CONCLUSIONS
In conclusion, we presented carrier mass m easurem ents in 
heavily doped bulk semiconductors (GaAs and InN) by mag- 
netophotolum inescence up to B  = 30 T. In both systems, high 
m agnetic fields (12 T and 16 T for GaAs and InN, respec­
tively) are necessary to overcome decoherence of the carrier 
cyclotron orbit induced by carrier and/or donor scattering. In 
InN, we observe Landau-level interband recombinations, 
whose number increases with the sample free-electron con­
centration. This latter has been purposely varied from  about 
7.5 X 1017 cm -3 to 4.7 X 1018 cm -3 by postgrowth H irradia­
tion. By the slope of the Landau levels, we determ ine the 
carrier-reduced mass at the T point: j =  (0.093 ±  0.002)m 0 in 
the untreated InN  sample (ne ~  7.5 X 1 0 17 cm-3) and j  
= (0.106 ±  0.002)m 0 in the hydrogenated samples (ne ~  2 - 5  
X 1018 cm -3). D ue to a lack of knowledge of the hole mass, 
we can only set a lower lim it to the electron mass equal to
165207-4
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0.093m 0 in the H-free sample. This high mass at the 
conduction-band m inim um  can be justified by the strong 
k -space distortion caused by the crystal defects that are a 
source of doping in indium  nitride.
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